This result confirms that an accurate atmospheric correction should be a required processing step in the experimental research of anisotropic surface reflectance.
Introduction
Experimental study of the directional reflective properties of vegetated land covers in the visible and near-IR parts of the spectrum was initiated by Kriebel [1974] in the early 1970s. Lee and Kaufman [1986] conducted one of the first theoretical simulations showing the significance of anisotropic effects in the remote sensing of vegetation from space. Now this is a rapidly evolving area of research encompassing different theoretical modeling and experimental branches. Interest in the BRDF of land covers is motivated by many reasons, including the potential indirect determination of plant parameters [Privette et al., 1994] , atmospheric correction of satellite images [Vermote et al., 1997] , land cover classification [Strahler et al., 1996] , and others.
A major problem in deriving the BRDF from measurements is accounting for diffuse skylight. Deering and Eck [1987] proved experimentally that the surface reflected radiance strongly depends on turbidity of the atmosphere. Kriebel [1974] and Martonchik [1994] developed accurate biconical refiectance/BRDF retrieval algorithms based on radiative transfer solutions. Both methods require measurements to be performed for a representative number of solar zenith angles and use interpolation techniques to obtain data at missing zenith and azimuthal angles.
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However, most publications report uncorrected surface reflectance. In this work, we show that accurate atmospheric correction is necessary in ground-based BRDF/albedo studies in the visible and near-IR spectral regions. This conclusion follows from rigorous simulations of the radiative fields over anisotropic surfaces and accurate inversions for the BRDF. The radiative transfer problem was solved with the spherical harmonics method [Lyapustin and Muldashev, 1998 ]. It takes into account all orders of scattering in the atmosphere and treats the boundary conditions analytically, which results in a high accuracy (on average, 0.2-0.3%) and speed of calculations. To process measurements, we developed an original BRDF retrieval algorithm based on principles of rotational symmetry and reciprocity. This paper describes the algorithm (section 2) and provides a systematic study of atmospheric effects in B RDF/albedo retrieval (sections 3 and 4). Section 5 analyzes the errors in typical BRDF measurements, induced by diffuse skylight. Experimental applications of our method will be given in future papers.
Algorithm
The lower boundary condition of the radiative transfer equation allows one to find the reflected radiance I(xo, At large optical thickness, the first term of (1) becomes negligibly small, and (1) tums into a Fredholm equation of the 1st kind. The inverse problem in this case is ill posed and requires a regularization in order to confine the multitude of plausible solutions.
We will consider only the experimentally significant case of medium to high transparency of the atmosphere. We require the analytical model to have properties of rotational symmetry and reciprocity. The first property implies that the BRDF depends only on relative azimuth. As mentioned by Kriebel et al. [1996] , it holds as long as the surface has no strong linear structure. The principle of reciprocity follows from theoretical considerations [e.g., DeHoop, 1960] . They prove that the BRDF of structural surfaces is reciprocal as long as reflection from the surface primary element is reciprocal, which is generally true [Snyder, 1998 ]. Although Kriebel [1996] raised the question of the validity of reciprocity in experiments, he has only shown that the possible deviations are small.
The main mechanism behind the reciprocity violation is lateral inhomogeneity of the observed and surrounding area. First, it causes a nonzero horizontal photon transport from brighter to darker area, which breaks the reciprocity [Girolamo et al., 1998 ]. Second, the averaging area, and therefore the degree of nonuniformity of the observed scene, depends on the view zenith angle. This may violate both reciprocity and rotational symmetry. Therefore we assume further that the B RDF measurements are performed in the far field and the field of view is large enough [Snyder, 1998 ]. Practically, this means that the observed area at all view angles should be much larger than the size of primary structure elements of the surface. 
Properties of Numerical Scheme
First, we will establish some important properties common to both algorithms.
Range of Validity
At small and medium atmospheric opacity (x_<0.7), the algorithm's convergence is stable and fast. It is not sensitive to the initial estimate of BRDF, which becomes an issue at larger optical thickness. The initial estimate can be obtained In most circumstances, atmospheric conditions fall within the range •_0.7 (at 00<75 ø) and formula (8a) can be used.
Notice that the described limitation on optical thickness follows from the properties of the adopted numerical scheme and has nothing to do with the fundamental transition of equation ( 
Number of Iterations to Convergence and Weight Factor
The weight factor • is assumed to be constant throughout the iterations. Depending on optical thickness, it can be selected optimally to maximize convergence. Figure 3 shows the optimal weight factor as a function of the atmospheric optical thickness and the corresponding minimal number of iterations for a medium solar angle of 45 ø. Iterations stopped at {J<0.5x10 -4, which means that the measured radiance was approximated at an accuracy of better than 0.1-0.3%. As one can see, at 'c<0.7 and optimal weight, this algorithm is very efficient and requires only two to six iterations.
Sensitivity Study
The developed algorithms compute the contribution of the skylight into reflected radiance, or the integral term in (1), differently. The second algorithm, based on the radiative transfer solution, accurately calculates this term for an assumed aerosol model independently of the geometry of observation (the overall interval and the number of view angles). In contrast, the first algorithm does not depend on an aerosol assumption, but it is sensitive to the geometry of measurements. Below, we study the sensitivity of the first algorithm to the geometrical effects and the second algorithm to the atmospheric effects. The analysis was performed for two surface types, grass [Myneni and Asrar, 1993] and plowed field [Kriebel, 1974] The results of this study are presented in Table 1 to specify the secondary accuracy requirements for the ancillary aerosol data since surface albedo is not very sensitive to the aerosol model. Alternatively, such requirements may be established, for example, in the problem of land cover classification based on separability of classes in the phase space that includes three MRPV/RPV parameters. This, however, is also a subject of future research.
We used the RPV model in forward calculations and the MRPV model in the inversion. Both functions originate from the model of Minnaert [1941] and have approximately the same capabilities in fitting the experimental BRDF. In the error budget, however, one may anticipate the largest errors in case when the MRPV model poorly fits the general shape of the real BRDF. To avoid this situation, we plan to use a representative set of parametrical BRDF models, for example, those valid in different radiative transfer regimes in plant canopies and select the optimal one using the best fit criteria.
Geometry of Measurements
The accuracy of the first algorithm is limited by the accuracy of evaluation of the integral term of (1) We investigated the effect of the number of zenith view angles Na in the range 0<0<75 ø at A9=30 ø on the accuracy of BRDF/albedo retrieval. Table 2 shows the corresponding dependence of the surface albedo on Na for the plowed field. The results presented in the second row of the second and third columns illustrate the case when one of the view angles is very close to the direction of sun causing considerable underestimation of albedo. In the last column, the solar angle was shifted to avoid this situation.
The cases Na =6, 8 correspond approximately to the 15 ø and 10 ø zenith angle grid steps. All other conditions being equal, the accuracy of the solution at grid step 10 ø will be higher. Though it is not straightforward given the overall small number of view angles, the increase of N• in general allows one to obtain a higher signal-to-noise ratio and to better characterize the BRDF.
Accuracy of BRDF Measurements
Most experimental BRDF reports fall into three major groups: (1) Over surfaces of medium and high reflectance, the errors shown may considerably exceed the tolerance of climatologic models that require an accuracy of _+0.02 in the global albedo data sets [Sellers, 1993] . A review by Henderson-Sellers and Wilson [1983] shows that different climate models predict a significant response of the global climate temperature to the uncertainty Aq=+0.01, from -T-0.2 to -T-2 K. This means, in turn, that more accurate climate modeling will require a more stringent knowledge of the global surface albedo, which is unattainable without proper atmospheric correction.
Conclusions
We have described a new algorithm for the accurate retrieval of surface BRDF from ground-based measurements. Compared to methods of Kriebel [1974] or Martonchik [1994] , which need measurements at a representative number of solar zenith angles, our method is able to obtain the BRDF from measurements at a single solar angle. This improvement allows one to process field data despite an incomplete set of measurements, as may be the case on partly cloudy days. On the other hand, our method works similarly to the method of One of the purposes of this work was to estimate errors in the uncorrected BRDF data usually reported in the literature.
Our simulations have shown that the distortions of the BRDF shape are considerable even at low aerosol optical thickness. For example, the reference panel technique measures the BRDF with an error of up to +12% in the red and +8% in the near-lR at xa=0.1. These results suggest that the atmospheric correction should be a required step in the processing of field reflectance data.
